The objective of this research is to develop a modeling framework to aid in the simulation and empirical analysis of crop choice and optimal fertilizer application rates for bioenergy and conventional crops over lands of varying quality. Lower input use and reduced nutrient runoff are often-cited benefits of bioenergy crop production. Accounting these benefits requires an understanding of the temporal dynamics of fertilizer application, nutrient carryover, and runoff. Fertilizer carryover is the amount of fertilizer applied in previous production periods available for crops in the current growing period. Fertilizer runoff refers to fertilizer that has leached off the field and is no longer available to plants. The optimal available and applied amounts of nitrogen along with the present values of net returns for a pre-determined planning horizon are simulated for switch grass and corn using yield response data.Net returns for both crops increase as carryover rates increase but decrease as runoff rates increase. Switch grass appears to be more profitable than corn only on the most marginal lands where fertilizer runoff exceeds 30%.
Introduction
Increased demand for ethanol has led to rapid expansion of the corn ethanol industry, revealing several challenges to the industry. First, corn ethanol production causes substantial greenhouse gas emissions (Kim and Dale 2005; Liskaet al. 2009; Searchingeret al.2008; Sedjo2007; Wang 2007) . Second, increased demand for corn as biofuel feedstock has increased corn prices, which in turn have increased land prices and the downstream costs of food production (Pimentel 1991and 2003 Pimentel and Pimentel1996; Sedjo 2007) . These effects have been exacerbated by federal subsidies to the corn ethanol industry that has discouraged ethanol imports into the United States (U.S.), thereby constraining the corn-based ethanol supply to domestic plants and driving more agricultural lands into corn production (Sedjo 2007) .Given these challenges, more and more researchers are looking toward nonfood sources for biofuel feedstock. Switch grass (Panicumvirgatum), a tall, hardy, perennial grass native to North America that can grow in a variety of soil and climatic conditions, is a promising non-food biofuel feedstock (Rinehart 2006) . Once established, switch grass has a productive life of ten to twenty years (Garland et al. 2010) . Switch grass also has environmental advantages over corn (ZeaMaize) . Switch grass has a strong and deep root system which can moderate soil erosion and filter polluting runoff (USDA2006).It also requires less fertilizer than corn (Rinehart 2006) . Production of ethanol from switch grass also produces fewer greenhouse gas emissions than corn based ethanol production (Samson et al. 2008 ). However, switch grass is not currently produced as a biomass feedstock on a commercial-scale due to the relatively high costs of converting switch grass to ethanol. Thus, there are currently few opportunities for farmers to produce switch grass as a biofuel feedstock. However, the costs of producing ethanol from switch grass are likely to fall over time given the resources being devoted to improving conversion technologies. For example, the 2008 Farm Bill authorized $1.1 billion of mandatory funds and $1.0 billion of discretionary funds for the development of cellulosic biorefineries (CRS Report for Congress 2008). Once the costs of producing ethanol from switch grass are competitive with those of producing corn-based ethanol, markets for switch grass as a feedstock source for ethanol may emerge. In addition to not directly competing with food production, the production of switch grass as a biofuel feedstock may reduce input use and nutrient runoff compared to corn production. Farmers who have the option of producing dedicated bioenergy crops such as switch grass must decide how to allocate land between long-lived perennials such as switch grass and annual grain crops. The objective of this research is to developa modeling framework to aid in the simulation and empirical analysis of crop production decisions, fertilizer application rates, and net returns for a perennial bioenergy feedstock (switch grass) and an annual crop (corn) over lands of varying quality. An intertemporal theoretical model that maximizes the net returns of fertilizer application given crop choice is developed. Using this model, optimal nitrogen application rates and net returns for the production of switch grass and corn, based on field experiments conducted at the University of Tennessee Research and Education Center in Milan, Tennessee, are simulated over different fertilizer carryover and runoff rates. Fertilizer carryover is the amount of applied fertilizer that is available for crops in subsequent growing seasons (Kennedy et al. 1973) , while fertilizer runoff refers to fertilizer that flows or leaches from agricultural lands and is no longer available to crops. The simulation is followed by an analysis of optimal crop choices over land of varying quality between idle land, switch grass, and corn.
Methods and Materials

Theoretical Model
Dynamic optimization of fertilizer management has been examined by a number of studies (Heady and Dillon 1961; Fuller 1965; Anderson 1967; Kennedy et al. 1973; Dillon 1977; Kennedy 1981; Taylor 1983; Lanzer and Paris 1981; Kennedy 1986; Watkins et al. 1998; Thomas 2003; Lambert et al.2007 ). Among these studies, Kennedy (1986) presented the most direct method of deriving an optimal decision rule where the profit maximizing amount of applied fertilizer occurs when the present value of the current crop and input savings from future fertilizer applications obtained from the marginal unit of fertilizer equals the expected fertilizer price in subsequent periods. This rule was derived by Kennedy et al. (1973) , who introduced a dynamic programming approach to determine fertilizer application, carryover, and crop rotation in discrete time periods. This research focuses on fertilizer nitrogen because information on corn-nitrogen and switch grass-nitrogen response yields can be easily obtained. However, the model is completely generalizable to other inputs (e.g. phosphorous or potassium) or combinations of inputs. This study refers to nitrogen as mineral N, which is composed of Ammonium N (NH4) and inorganic N (NO3). Ammonium is convertible either by volatilization or through nitrification into NO3 that is stable in the soil or soluble in water (Santhi 2001) . At the same time, organic nitrogen in crop residues or soil can be decomposed into NO3through mineralization process. Although NO3 is water soluble and likely to leach into groundwater, previous studies find that numerical estimates of nitrogen carryover rates range between 0.16 to 2.51 (Fuller, 1965) , 0.16 to 0.5 (Thomas, 2003) , and 0.001 to 0.003 (Watkins et al. 1998) . Assumptions for the theoretical model are as follows: 1) the total land area is fixed; 2) land can be used to produce switch grass or corn, or left idle; 3) prices are exogenous;4) homogeneous inputs such as fertilizer and labor are used to produce switch grass and corn;5) farmers maximize profit over a time horizon; and 6) a land allocated to switch grass production remains in switch grass production for the stand life of the crop (10 years). The farmer's objective is to maximize net returns with respect to the quantity of fertilizer applied for producing switch grass and corn and the allocation of land to these crops, subject to the amount of farmland available and nonnegative input quantities. To account for the perennial nature of switch grass, a time dimension is added, starting from period1 to a finite period T, the stand life for switch grass.
3 Thus, farmers allocate each unit of land to the crop that generates the greatest discounted net returns from period 1 to T. Discounted net returns are:
where  is the present value of the farmer's net returns over the ten year planning horizon for an unit of land; g  , c  , and i  are the present values of the aggregate net returnsinperiods1 to T for an unit of land planted to switch grass, corn or left idle, respectively; Igt * (Ict * )is the optimal quantity (in pounds) of fertilizer applied to each unit of switch grass (corn) in period t; Ygt(Yct) is per unityield of switch grass (corn) in period t; Hgt(Hct)are per-unit fixed harvest costs for switch grass(corn) in period t; Cgt(Cct) are per-unit establishment and maintenance costs in period t for switch grass (Corn); Pgt(Pct) is the price of switch grass(corn) in period t; and rt is the price of the fertilizer in period t. The farmer will produce switch grass on this unit of land from period 1 to T if the maximized present value of aggregate net returns for switch grass from period 1 to T is positive and higher than that for corn. Alternatively, the farmer will produce corn from period 1 to T if the maximized present value of aggregate net returns for corn is positive and higher than that for switch grass. Otherwise, the farmer will leave the land idle. The available farmland is assumed to vary in terms of nutrient carryover capacity and runoff rates, raising the possibility that the farmer's land will not be allocated entirely to the production of one crop or another. The producer's problem of maximizing the present value of aggregate net returns for the production of either crop on a particular land quality (as measured by nutrient carryover capacity and runoff rate) from period 1 to T is:
Where It is the quantity of fertilizer applied in period t(the control variable); Xt is the amount of fertilizer available for crop production at the beginning of period t(the state variable);  is the fertilizer runoff rate(a proportion,0   <1)of existing and applied fertilizer that runs off in any one period; θ is the proportion (0  θ<1) of fertilizer that carries over in soil from one period to the next, such that the amount of fertilizer available for crop production at the beginning of period t+1is equal to the sum of the amount of fertilizer available at the beginning of period t (Xt) and the fertilizer applied (It)in period t less the amount of runoff [(Xt+It) ]in period t multiplied by the carryover rate, or [Xt+It-(Xt+It) ]θ; ρ denotes the discount rate; and the terminal condition F(XT+1) = 0reflects the assumption that there is no value associated with fertilizer carryover beyond period T. A quadratic yield response function with respect to the amount of fertilizer available in the soil for growing crops was used to characterize switch grass and corn yield response to fertilizer (Yt):
whereβ0, β1, andβ2are yield response parameters with β1>0 and β2<0. Quadratic functions can be interpreted as second-order approximations of any response function for the economic analysis. Interior solutions to input levels result when f'>0 and f''<0, which provides closed-form analytical solutions to the optimization problem (Hurley et al. 2005 , Lambert et al. 2006 ).
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The crop choice and fertilizer application model can be solved using a dynamic programming approach (Kennedy 1986) . The objective function applies Bellman's (1957) 
where t V is the present value of net returns in period t. Taking the first order conditions (FOCs) of the objective function(4) with respect to the control variable t I :
Rearranging (5) yields:
Differentiating (4) with respect to the state variable t X yields: (7): (8) Equation (8)means that the net benefit from an additional unit of fertilizer carried over from period t-1 to period tequals the price of fertilizer in period t. Therefore, (9) Substituting (9) back into (5) yields:
Rearranging (10) yields the optimal condition for fertilizer application over a multiperiod planning horizon:
Equation (11) states that the present value of the marginal value product of fertilizer evaluated at t X + * t I equals the price of fertilizer at period t less the present value of cost savings associated with a reduction of (1- )units of applied fertilizer in period t+1because of soil carryover capacity. Solving equation (11) for Xt+It yields the analytical solution for optimal amount of fertilizer available in the soil before runoff occurs in period t or ( t
The optimal amount of fertilizer available in the soil after in-period runoff in period t is then:
These conditions can be used to simulate the effects of prices and land quality on optimal fertilizer rates and crop choice decisions. Zhou et al.
2.2. Parameters and Data
The model was parameterized using estimates from field experiments conducted at the University of Tennessee Research and Education Center at Milan, Tennessee and crop budgets developed by University of Tennessee Extension (UT Extension). Switch grass yield response parameters estimated by Mooney et al. (2010) were used to simulate switch grass response to nitrogen. The predominant land type for switch grass production in the experiments was characterized as moderately well drained level upland. Switch grass yield response estimates were: Ygt = 3.163 + 0.032 A + 0.035 Igt -0.00013 Igt 2 (15) Standard Error(0.337) (0.004) (0.007) (0.00003) Where A represents an Angstrom Index, which proxies growing conditions and includes information about precipitation and temperature (Mooney et al. 2010) .The switch grass yield response function is evaluated at the mean of the index (64.75). Three years (2006) (2007) (2008) of corn yield data was used to estimate corn yield response to nitrogen from field experiments conducted at the University of Tennessee Research and Education Centers at Milan and Highland Rim, Tennessee. The predominant land type for corn production in the experiments was also characterized as moderately well drained level upland. Corn yield response estimates to nitrogen were (UT Extension):
The yield-nitrogen response estimates are used in the optimization model. However, there is a difference between the yield response nitrogen estimates and the yield response function implied by the dynamic model. The former means yield as a function of the amount of applied nitrogen while the latter is yield as a function of the amount of nitrogen available in the soil. Due to the lack of information on carryover and runoff rates, the yieldnitrogen response estimates were substituted for the yield response parameters in the dynamic program. Using output from the Soil and Water Assessment Tool (SWAT),a biophysical simulation model (Santhi 2001 ) calibrated for a Tennessee watershed (Zhou et al. 2011) , average soil nitrogen carryover rates were estimated to be 0.05year -1 for corn and 0.07year -1 for switch grass over ten years of simulation and the entire farm land (Table1). Carryover rates were calculated by dividing the simulated amount of nitrogen available in the soil in the next period by the amount of nitrogen available plus the amount of nitrogen applied less the simulated nitrogen runoff in the current period (Table  1) . Given the likelihood that these rates could vary, a range of soil carryover rates from 0.0 to 0.1 was used in the simulation for a sensitivity analysis. Runoff rates for nitrogen were calculated by dividing the amount of nitrogen runoff by the amount of available and applied nitrogen ( Table 1) . The simulated runoff rates were 0.12 for corn and 0.11 for switch grass. In a sensitivity analysis, a broader range of runoff rates (0.10 to 0.36) was used for this analysis to more fully explore the crop choice decision. Given values of 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10 for the carryover rate and values of 0.10, 0.20, 0.30, 0.32, 0.34, and 0.36 for the runoff rate, the optimal amount of nitrogen available in the soil, the optimal applied amount of nitrogen, and present values of maximized net returns over a ten-year period were calculated for switch grass and corn using the analytical solutions (equations 12 and 13). Other parameters for the optimization model were obtained from switch grass (UT Extension 2008) and field crop budgets (UT Extension2010) produced by UT Extension (Table 2) . Detailed items for the establishment, maintenance, and harvesting budgets in Table 2 are provided in Tables 3 and 4 . Because the maintenance and harvesting budget for corn is provided only for yields of 7531 and 9414 kg ha -1 , budgets for other estimated corn yields were interpolated between the 7531 and 9414kg ha -1 yield numbers. To be consistent, input prices from the 2010 corn budget (UT Extension 2010) were used as parameters for both switch grass and corn. A ten year time horizon was evaluated to compare cumulative net returns for switch grass and corn. For switch grass, revenues for the first two years were assumed to be zero because harvest costs are typically assumed to exceed the value of switch grass yields during the first two years of switch grass production (Garland et al. 2010) . The expected net returns were based on the analytical solutions of the optimization model for fertilizer application.
6
Results and Discussion
The optimal amount of nitrogen available in the soil, the optimal applied amount of fertilizer nitrogen, and the present values of maximized net returns over varying carryover and runoff rates(for both switch grass and corn) are provided in Tables 5, 6, and 7, respectively. The optimal amount of nitrogen available in the soil is constant for years one through nine because the analytical solution for the optimal available amount of nitrogen is the same for each year. The optimal amount of nitrogen available in the soil is different for the last year because no value is placed on nitrogen in the soil beyond the ten year horizon. Thus, the optimal amount of nitrogen available in the soil for the last period is independent of the carryover rate (Table 5 ). The optimal amount of nitrogen available in the soil in years one through nine increases as soil carryover capacity increases. The optimal applied amount of nitrogen is constant for years two through nine but different for the first and last years because the initial amount of nitrogen in the soil is assumed to be 105 kg ha -1 and no value is placed on nitrogen in the soil beyond the ten year planning horizon ( Table  6 ). The optimal applied amount of nitrogen in years one through nine increases as soil carryover capacity increases. The present values of maximized net returns over a ten-year period given the optimal amount of nitrogen available in the soil over varying runoff and carryover rates for switch grass and corn are presented in Table 7 .The present values of total net returns for corn and switch grass increase as the soil carryover capacity increases and decrease as the runoff rate increases. To determine whether land of a particular quality (i.e. carryover and runoff rate combination) would be allocated to switch grass or corn, the present values of total net returns for corn were subtracted from those of switch grass. As shown in Table 7 , the switching point for crop choice from corn to switch grass occurs where the runoff rate is around 0.3with nutrient carryover capacities ranging from 0.0to 0.1.Thus, at the assumed prices and costs and estimated yield response to nitrogen, switch grass appears to be more profitable than corn only on the most marginal lands where fertilizer runoff exceeds30% of the available nutrients. More specifically, switch grass becomes more profitable than corn when the runoff rate reaches: (1) 0.32 if the carryover rate is between 0.00 and 0.02; (2) 0.34 if the carryover rate is between 0.04 and 0.08; and (3) 0.36 if the carryover rate is 0.10 (Table 7) .Either switch grass or corn, or both, generated positive discounted net returns for each of the land qualities. Thus, no land would be left idle. Aggregate runoff amounts of nitrogen from switch grass and corn planting were calculated, respectively, according to equations 12 and 13 ( Table 8 ). The aggregate runoff amounts from switch grass planting are approximately half of those from corn at each carryover and runoff level. This implies that switch grass planting substantially reduces the amount of nutrient runoff.
Conclusion
This paper presented a theoretical model for the dynamic optimization of fertilizer application with carryover and runoff and crop choice among switch grass, corn, and idle land. Runoff rate was included in the dynamic optimization model. Subsequently, crop choice was determined at different runoff rates. Given optimal fertilizer application rate, optimal crop choice was determined using the present values of net returns for switch grass and corn over different fertilizer carryover and runoff rates. The analysis suggests that switch grass would be more profitable than corn only on the most marginal lands, in this case, those with fertilizer runoff rates exceeding 30%. These results are clearly dependent on the assumptions underlying the theoretical model and the values used to parameterize the model. The switching point for crop choice from corn to switch grass is determined by factors including concavity of net benefit curves, the yield response functions, prices, fertilizer cost, and establishment, maintenance, and harvesting costs. For example, a change in the price of switch grass or corn could alter the result as could a technological change that lowered the establishment, maintenance, and harvesting costs for switch grass. Also, switch grass planting reduces nitrogen runoff amount by approximately 50% than corn. In addition, some limitations to the analysis suggest caution in interpreting the results. For example, the yield response function in the production decision model is a function of the available amount of fertilizer obtained by the amount of fertilizer left in the soil plus the amount applied subtracted by the amount of runoff. However, the yield response estimates applied in the application for West Tennessee are yield functions of the applied amount of nitrogen for both switch grass and corn. Empirical research on estimating dynamic yield response with carryover could provide more realistic yield response functions for both switch grass and corn. The inclusion of the runoff rate in the dynamic optimization and programming approach provides opportunities for future analyses. For example, the model could be extended to consider the environmental implications of fertilizer runoff and the effect of fertilizer application and crop choice decisions on a broader social welfare measure. 7 1, 2, 3, 4, 5, 6, 7 The optimal available amount of nitrogen is unchanging for years t=1, …,9. b Carryover rate is irrelevant to the optimal available amount of nitrogen in year 10 given that terminal value of nitrogen in the soil is assumed to be zero. 229.6 a The optimal applied amount of nitrogen is unchanging for years t=2,…,9. = 1, 2, 3, 4, 5, 6, 7, 8 
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